Abstract
Introduction

55
Lymph nodes are an important part of the immune system. They filter lymphatic fluid, are a site 56 for transfer of immune cells from the blood to the lymphatic fluid, and regulate the protein 57 content of the fluid. The implied pathways for fluid flow through the lymph node have been 58 inferred from its structure and by tracking particulate matter through the node (Ohtani et al., 59 2003, Gretz et al., 2000) . In this paper we present an image based model to characterise the 60 fluid flow through a lymph node.
62
The structure of lymph nodes is complex. Lymph nodes consist of spaces (lymphatic labyrinths) Fluid flow through the parenchyma determines the interstitial protein concentration and hence 77 the transport of fluid across the blood vessel wall. Lymphatic fluid entering the node often has a 78 lower protein concentration than the lymph leaving the node (Adair et al., 1982) . Soluble 79 molecules have been injected into rat and mouse lymph nodes (Gretz et al., 2000) and the 80 particles tracked as they progressed through the node. In mice, Gretz et al. (2000) found that 81 the size of the particles determined what path they took through the node; larger particles 82 (2000 kD) were restricted to the subcapsular and medullary sinuses, whereas smaller particles 83 (10 kD) were able to enter the reticular fibre network. Since a role of the lymph node is to filter 84 the lymphatic fluid, tracing particles through the node does not necessary trace the fluid 85 pathways. In this paper we use computational modelling to investigate how the structure of the 86 node effects the direction of fluid transport within the lymph node.
88
Previous lymph node computational models have focused on the organisation and transport of In this paper we present a model of fluid transport though a whole lymph node based on images 97 of two murine lymph nodes obtained using selective plane illumination microscopy (SPIM) In the 1980's experiments were carried out on lymph nodes to find out how the composition of 107 the lymph changed as it passed through the node. Adair et al., (1982) , Adair and Guyton (1983, 108 1985) isolated popliteal lymph nodes from dogs and cannulised an efferent and an afferent 109 lymphatic to assess the flow; other afferent and efferent lymphatic vessels were ligated. The 
120
For the first four nodes in the experiments presented in Adair and Guyton (1985) , the efferent 
Image Processing
131
The images used in our study were obtained from Jürgen Mayer who imaged mouse popliteal 132 lymph nodes using selective plane illumination microscopy (SPIM); for more information about 133 the experimental protocol see Mayer et al. (2012) . In this work, two nodes, one from a wild type 134 mouse (WT) and one from a plt/plt mouse (PLT) (a mutant mouse that lacks certain proteins in 135 the T-cell zone resulting in a decreased accumulation of dendritic cells in this zone) were imaged.
5
Alexa594-coupled MECA-79 mAB was injected into the mouse to visualise the high endothelial 137 venules (HEVs) (Mayer et al., 2012 the image stack. The node on the white background can be seen in Figure 1d .
161
The image stack of the node with the black background was imported into Fiji. 
Model Implementation
201
The fluid is modelled as incompressible flow with dynamic viscosity, , 1.5 cP and density, , where was the number of the image in the stack. This linear relation has the general form,
212 where and are constants that define the linear relation between the grey scale of the 213 image and the permeability, and are the coordinates of the point in the image which is to 214 be evaluated, is the distance along the vertical axis and is the total number of images.
215
Each image is defined on a 5 μm thickness using a logical expression, e.g. ( )
(
). Due to file type, the image stack required vertical flipping to correlate with the 217 mesh stack.
218
The afferent lymphatic flow rate, , was given in units of μL/min in Adair and Guyton (1985) .
219
Thus for this modelling study it was divided by 6×10 7 (kg·min/μL·s) (i.e. 60 min/s multiplied by 220 1x10 6 kg/μL, since the density of the fluid was assumed to be 1x10 3 kg/m 3 ) to change units to 221 kg/s. The efferent lymphatic pressure was set to 0 mmHg i.e. efferent lymphatic pressure is 222 considered a gauge pressure. Starling's principle was used for the boundary condition on the
223
HEVs, 
237
The condition on the afferent lymphatic boundary is given by more elements, however the coarser mesh requires less computational resources.
255
For the mesh refinement study, the afferent lymphatic flow rate was defined as , 1985) .
Guyton
263
Figures 3a and 3c show that the efferent lymphatic flow rates between the coarse and fine 264 meshes are smaller than one standard deviation from the mean of the experimental data. 
Varying Lymph Node Tissue Permeability
330
The grey scale variations in the images contained information about the density of the material 331 within the lymph node. Therefore, these variations can be used as an indicator of permeability, 
335
The average grey scale of the lymph node images, G (no units), was found using Matlab. After For the parameter estimation using the Kriging algorithm, the error value, E, given by equation shown that this occurs for all the efferent lymphatic pressures used in this study, see Figure 9 .
377
The red HEVs surfaces are releasing fluid from the blood vessels and into the lymph node, et al., 1985) . This permeability was comparable to that of mouse tail skin, blood clot and sinus (Ohtani and Ohtani, 2008) . This is thought to be an area of low resistance to the flow,
395
however it was not clearly shown in the images used for this study. To resolve this issue a follow 396 up study using high resolution micro computed tomography images, which show more 397 structural detail, is required.
398
The values of found as part of the parameter optimisation were three orders of magnitude
399
higher than values for capillaries found in Renkin and Michel (1984) . Since only the HEVs were 400 modelled, the value of had to be higher, the vessels must allow more fluid to cross the wall,
401
so that the same amount of flow across the blood vessel wall in the experiment, which will have 402 many more blood vessels, could be achieved by the model
403
Initially, it was assumed that and therefore Δ Pa due to the hypothesis by
404
Adair et al., (1982) that the increase in protein concentration was caused by the fluid being 405 absorbed into the HEVs. However, it was possible to obtain a much better fit, 406 compared to , for the model when was compared to experimental data.
407
Hence, the original assumption that was inaccurate. However, the parameter fitting 
433
The HEVs hydrostatic pressure was fixed at 973 Pa, as calculated as the mean of the venous 434 pressure from the experiments from Adair and Guyton (1985) . The lymph node contains arteries,
435
capillaries and veins, so it is expected that the hydrostatic pressure of the blood vessels should 436 vary throughout the node. The pressure in the veins is lower than the pressure in the arteries, magnitude is order to produce the same currently implemented in the model.
442
In conclusion, this paper presents a theoretical and computational framework to create an show the positive normal vectors to the boundary they are on. 
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